We developed an in vivo electroporation method to introduce foreign genes into retinal ganglion cells (RGCs). After the intravitreous injection of the plasmid gene (20 mg), five electric pulses (6 V/cm, 100 ms duration) were each delivered twice with 5 min interval to the rat eye using a contact lens-type electrode (cathodal) attached to the cornea and a needle electrode (anodal) inserted to the middle of the forehead. The efficiency of the genetic introduction into RGCs and tissue damage to the eyeball was evaluated using a green fluorescent protein (GFP) gene, TUNEL and histological observation. DiI retrograde labeling revealed that 24.474.7% of all RGCs were electrointroduced with the GFP gene. TUNEL and histological analysis showed a few tissue damages in the cornea, lens and retina. To confirm whether this method can actually rescue damaged RGCs, glial cell line-derived neurotrophic factor (GDNF) was electrointroduced into RGCs after optic nerve transection. After the electrointroduction, a significant increase in the number of surviving RGCs was observed 2 and 4 weeks after the optic nerve transection, and the decrease of caspase 3 and 9 was detected by RT-PCR. These results suggest that this method may be useful for the delivery of genes into RGCs with simplicity and minimal tissue damage. Gene Therapy (2005) 12, 289-298.
Introduction
Retinal ganglion cell (RGC) death is a major cause of blindness that is induced by common ocular diseases such as glaucoma, neuritis, optic injury and retinitis pigmentosa. Since the retina and optic nerve (ON) belong to the central nervous system, damaged RGC will die out inevitably via apoptosis and fail to regrow injured ON fibers into their central targets. 1 Studies on RGC death using ON transection and crush models have suggested that neuroprotective factors such as antiapoptotic reagents of caspase inhibitors, neurotrophins and other trophic factors have effects on the survival and regeneration of damaged RGCs. [2] [3] [4] [5] [6] [7] [8] [9] [10] Therapeutic strategies in these models have included the genetic introduction of neuroprotective factors that retard the RGC loss.
As to the method of introduction of foreign genes into RGCs, virus mediation, lipofection and electroporation (ELP) have been reported. In virus mediation, various kinds of viral vectors such as adeno virus, 11, 12 adenoassociated virus, 13, 14 lenti virus 15, 16 and human immunodeficiency virus type 2 (HIV-2) 17 have proved effective at introducing foreign genes into RGCs. However, at the same time, virus-mediated gene delivery induces a strong cellular immune response and side effects such as uveitis. 18 In lipofection, larger DNA molecules can be delivered into retinal cells. However, the disadvantage of lipofection includes poor target selectivity and reduced efficiency compared with the viral vectors. [19] [20] [21] [22] The principle of ELP is based on the physical character of cell membranes; electric pulses permeate cell membranes, inducing an electrophoretic influx of not only DNA but also other small molecules into the target cell. [23] [24] [25] Trials of in vivo ELP to eyes was reported in the corneal endothelium by Oshima et al, 26 and in RGCs by Dezawa et al, 27 respectively. The latter study achieved a highly efficient genetic introduction in adult rat RGCs, in which the eyeball had to be exposed through the incision of an eyelid, and the ELP was conducted using tweezertype electrodes with the eyeball in between. In the present study, we developed a new method to introduce foreign genes into RGCs using the contact lens-type and needle electrodes, which can be carried out without such treatments.
To determine optimal delivery conditions, a green fluorescent protein (GFP) gene was introduced into RGCs combining different parameters of electric field strengths, pulse durations, stimulation patterns and intravitreous DNA amounts, and then the expression of GFP was measured in RGCs. Next, we examined the tissue damage in the eyeball after in vivo ELP in the cornea, lens and retina by histology and terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine (dUTP) nick end labeling (TUNEL).
Glial cell line-derived neurotrophic factor (GDNF) is recognized as a key factor in the development of RGCs, and reported to be effective in promoting the survival and regeneration of RGCs. 5, [28] [29] [30] To examine whether this newly developed method of ELP can actually rescue damaged RGCs in adult rats, the GDNF-cDNA gene was introduced into RGCs after ON transection followed by estimation of RGC survival. The transfer and expression of GDNF gene in RGCs were confirmed by immunohistochemistry and Western blot analysis, and the number of surviving RGCs was followed up to 6 weeks after ON transection. The expression of caspase 3 and 9, known to be involved in the apoptosis of RGCs, [31] [32] [33] [34] [35] was also examined by RT-PCR.
In the current study, we examined the in vivo ELP using the contact lens-type and needle electrodes and showed that it efficiently introduced foreign genes into RGCs with safety and simplicity delivering the GDNF gene efficiently into RGCs with increased survival rate of RGCs after ON transection.
Results

Evaluation of physical parameters
After intravitreous injection of the GFP gene (an expression vector, pEGFP, carrying the GFP gene under the control of a human cytomegalovirus promoter was used), the contact lens-type and needle electrodes were placed ( Figure 1 ). Square wave pulses were then administered.
As summarized in Table 1, parameters were set by  combining different electric field strengths, pulse durations, stimulation patterns and DNA amounts, and the  genetic introduction efficiency (GFP-positive cells per  mm 2 Â the mean GFP intensity Â the ratio of the GFPpositive area per whole retinal area) was calculated for each parameter. GFP-positive cells with a round nucleus and abundant cytoplasm were detected in whole mount retina under all parameters (Figure 2a and d) . Parameter II (electric field strength of 6 V/cm, pulse duration of 100 ms, two groups of five electric pulses and plasmid DNA amount of 20 mg) provided the most efficient genetic introduction with a significant difference from other parameters (**Po0.01) ( Table 1 ). In the control experiment, GFP-positive cells were not detected in (DNAÀELPÀ), (DNAÀELP+) and (DNAÀELP+) (data not shown).
GFP expression was detected in neither the inner plexiform, inner nuclear cell, outer plexiform nor outer nuclear cell layer and was mostly confined to the ganglion cell layer (Figure 2e ). In the ganglion cell layer, cells other than RGCs such as ectopic amacrine cells and vascular endothelial cells are known to be present, so that we applied 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyamine percholorate (diI) into the superior colliculi to specifically label RGCs in the whole mount retina. 3, 36 The true percentage of electrointroduced into RGCs can be obtained from the ratio of GFP positivity in the total population of retrogradely labeled ganglion cells. DiI-labeled cells with GFP expression were detected as yellow color-coded cells using confocal laser scanning microscopy (CLSM) (Radians 2000, BioRad, Hertfordshire, UK), and the proportion of GFPpositive cells among diI-labeled cells was 24.474.7% (Figure 2a-c) .
The relation between the intensity and duration of expression was analyzed ( Figure 3 ). GFP expression Schema of the in vivo electroporation; First, the gene plasmid was injected into the vitreous body. After 5 minutes, the contact lens-type electrode (cathodal) was placed at the cornea and needle electrode (anodal) was inserted to the forehead, and then square wave pulses were administered. (c) Electrodes used in the in vivo electroporation of rats.
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H Ishikawa et al reached a maximum at 1 week and remained at a high level for 3 weeks. The intensity at 1 and 3 weeks was significantly higher than that initially (**Po0.01). However, the intensity gradually decreased from 5 weeks, showing no significant difference from the control (P ¼ 2.01) (Figure 3 ).
Evaluation of tissue damage after the ELP
For the evaluation of tissue damage caused by in vivo ELP, light microscopy and TUNEL staining were performed. Intact and electroporated eyes using both parameter II (the highest introduction efficiency) and VI (the lowest efficiency) without injection of reagent were analyzed. To evaluate the toxic effect of TE buffer (10 mM Tris pH 7.5; 1 mM EDTA) (the buffer in which the plasmid DNA was mixed), eyes given an intravitreous injection of TE buffer without ELP (TE-inj) were also examined. Four rats were prepared at each time point for each condition and five sections were analyzed in each rat. As the cornea is known to regenerate vigorously, a To determine the optimal conditions for genetic introduction, multiple pulses were set by combining electric field strengths of 6, 12 and 24 V/ cm, pulse durations of 50 and 100 ms, two different stimulation patterns, and DNA plasmid amounts of 5, 20 and 80 mg, and five rats were used for each of parameter. The genetic introduction efficiency was determined by multiplying GFP-positive cells per mm 2 , the mean of GFP intensities and the ratio of the GFP-positive area per whole retinal area. Parameter II (electric field strength of 6 V/cm, pulse duration of 100 ms, two groups of five series of pulses and plasmid DNA amount of 20 mg) marked a highly significant difference in the efficiency of genetic introduction from other parameters (**Po0.01).
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corneal inspection was performed 3 days after treatment. The lens was inspected at 2 weeks and the retina at 2 and 4 weeks in the TE-inj and ELP groups (parameter II and VI).
As to the cornea, no tissue damage was detected in any of the four conditions inspected by light microscopy ( Figure 4 ). The mean number of corneal epithelial and endothelial cells with nuclear staining showed no significant difference among intact, TE-inj, parameter II and VI (Table 2) Table 2 ).
As for the lens, a cataract was observed in one of the five eyes in parameter VI, while it was not observed in intact, TE-inj and parameter II (data not shown).
In the retina, neither structural impairments nor inflammatory responses were observed under any set of conditions with the light microscopic observation ( Figure 4 ). The mean number of nuclear stained in the ganglion cell layer for all conditions showed no significant difference to that in the intact retina both at 2 and 4 weeks ( Table 2) . TUNEL-positive cells were not detected in the intact retina, and a few positive cells were seen in TE-inj, parameter II and VI; however, there was no significant difference among TE-inj, parameter II and VI at 2 and 4 weeks in TUNEL positivity (P40.05). In the case of parameter II, 1.172.4 and 2.573.0% of cells were positive at 2 and 4 weeks, respectively, showing no significant difference between them (Table 2) . Parameter II showed little histological disorder in the cornea, lens and retina. However, a small number of TUNEL-positive cells was observed in the corneal epithelium and ganglion cell layer. On the other hand, parameter VI showed TUNEL-positive cells in the corneal endothelium, epithelium and ganglion cell layer. Therefore, parameter II showed less tissue damage than parameter VI. No significant difference in mean cell number was found between parameter II and intact in cornea or retina both at 2 and 4 weeks. The above results suggested that parameter II achieved the highest efficiency in the electrointroduction of DNA with minimal tissue damage. Therefore, the following experiments were carried out using parameter II.
Evaluation of GDNF gene introduction into RGCs
We confirmed the GDNF expression in RGCs after ELP of the plasmid of pCI-neo-GDNF (a full-length GDNF peptide-coding region under the control of a human cytomegalovirus promoter) by immunohistochemistry and Western blot analysis.
By immunohistochemistry, weak GDNF reactivity was found in the ganglion cell layer of the intact retina, whereas in the electrointroduced retina, many GDNF-positive cells were observed ( Figure 5 ). The tissue damage after in vivo electroporation. Four rats were prepared at each time point in each condition. Five sections were analyzed in each rat. As to the cornea, any notable damage was not detected by HE staining under any conditions. TUNEL-positive cells were only detected among corneal epithelium in parameter II, but were detected among both corneal epithelium and endothelium in parameter VI. As to the retina, neither structural impairments nor inflammatory responses were observed in all conditions. A positive control of TUNEL staining was obtained from DNase-treated retina. Scale bars ¼ 50 mm.
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In the Western blot analysis, the GDNF expression was increased substantially after ELP of the GDNF gene ( Figure 6 ). These observations indicated that GDNF expression was upregulated after the ELP of pCI-Neo-GDNF.
Effect of GDNF electroporation on axotomized RGCs
We provided five conditions as follows (Figure 7a ): A-group, ON transection without any treatment; B-group, ELP of the GFP gene (as a control vector) 1 week before ON transection; C-group, intravitreous injection of the GDNF gene without ELP 1 week before ON transection; D-group ELP of the GDNF gene 1 week before ON transection and E-group, ELP of the GDNF gene twice, at 1 week before and at 2 weeks after ON transection. Five rats were used at each time point in each group and the number of diI-labeled cells was evaluated in each whole mount retina 2, 4 and 6 weeks after ON transection. Only cells with neurite processes and the diameter of a cell body above 10 mm were counted as in the previous reports. 3, 36 The mean value for labeled RGCs in the intact retina was set at 100%, and the survival ratios in other experimental groups were calculated. The time course of surviving RGCs (%) was shown in Figure 7b , and precise ratio was in Figure 7c . A significant difference was not observed among A-, B-and C-group (P40.05). At 2 and 4 weeks, the remaining number of diI-labeled cells in D-group was significantly higher than that in control groups (A-, B-and C-group) (**Po0.01). At 6 weeks, however, there was no significant difference between A-and D-group (P ¼ 0.4). No statistical difference was recognized between D-and E-group at 4 weeks (P ¼ 0.3) after ON transection, indicating that multiple GDNF introductions did not promote RGC survival after ON transection in this case.
In RT-PCR, the signals for caspases 3 and 9, which were faint in the intact retina (Figure 8a) , became intense at 9 h after ON transection (Figure 8b ). However, caspases 3 and 9 expression was very faint on the introduction of GDNF (Figure 8c ).
Discussion
In the present study, we demonstrated an effective introduction of foreign genes into RGCs by in vivo ELP using newly developed electrodes: contact lens-type and needle electrodes. As the RGCs are located in the Four rats were prepared at each time point in each condition, and five sections were analyzed in each rat. The mean cell number of corneal epithelium, corneal endothelium and the ganglion cell layer showed no significant difference among intact, TE-inj, parameter II and VI. Western blot. Four rats each were used in intact and GDNFtreated group. Whereas weak expression was observed in the intact retina (intact), GDNF expression markedly increased after electroporation (treated).
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innermost layer of the retina, molecules within the vitreous body can be delivered effectively into RGCs. The advantages of this newly developed method is that genetic introduction can be carried out without the incision to an eyelid, and that molecules other than DNA, such as small proteins and peptides, can also be delivered into RGCs by in vivo ELP. We reported that electrointroduced heat-shock protein 27 rescued RGCs in the ischemic retina in the previous study. 37 Therefore, the present method can be applied to drug and gene delivery systems.
We evaluated tissue damage using light microscopy, TUNEL staining and nuclear counting. In the corneal epithelium, TUNEL-positive cells were observed both in parameter II and VI, but actually, a corneal disorder was not conspicuous in any of the animals electroporated, probably because corneal epithelial cells have a vigorous ability to regenerate so that the tissue damage is rapidly repaired. However, corneal endothelial cells are known to be unable to regenerate in humans. 26 Fortunately, TUNEL-positive cells were not detected among corneal endothelial cells in TE-inj and parameter II. In TE-inj, a small number of TUNEL-positive cells were detected in the ganglion cell layer, suggesting that the TE buffer may have had some effect on the layer. However, there was no significant difference in mean cell number between intact and TE-inj at 2 or 4 weeks, and so the toxicity of TE buffer is considered to be very small.
GDNF was first described as a molecule promoting the survival of dopaminergic neurons in vitro in the retina. 38 In addition, GDNF activates multiple signaling pathways including the PI-3K pathway 39 and MAPK pathway, 40, 41 both known to be related to cell survival. The effect of GDNF on RGC survival was reported previously.
5,28,30
Therefore, we attempted to rescue damaged RGCs by introducing a GDNF expression vector using in vivo ELP to practically evaluate our method. The effect of the introduced GDNF gene on cell survival was studied by diI-retrograde labeling of RGCs and RT-PCR of caspases 3 and 9 known to be related to the apoptosis of RGCs. [31] [32] [33] [34] [35] We used ON transection as a model of RGC damage, since the transection of the axon causes a direct and extensive apoptosis, and the effect on survival of the introduced GDNF in RGCs could be readily and clearly estimated.
The introduction of the GDNF gene was confirmed by Western blot analysis and immunohistochemistry. The number of diI-labeled cells at each time point after ON transection (A-group) is basically similar to previous reports. [2] [3] [4] [5] 42 The time course of labeled RGCs in B-and C-group indicates that neither the electrointroduction of GFP control vector nor the only intravitreous injection of the GDNF gene was sufficient to increase the survival of RGCs. The data from C-group indicated that only intravitreal injection are disable to introduce efficiently into RGCs, so that the effect of the gene itself cannot be expressed unless the gene was electroinjected into the cytoplasm of RGCs. As D-group demonstrated a substantial increase in the number of surviving RGCs compared with A-, B-and C-group at 2 and 4 weeks, ELP of the GDNF gene protected axotomized RGCs for at least 4 weeks. The effect of GDNF was also evaluated from RT-PCR of caspases 3 and 9, which resulted in the decrease of these signals in short time period following GDNF introduction. However, at 6 weeks, the preparation of the number of remaining RGCs decreased to the control level. This may suggest that because the transection of axons causes severe damage to RGC bodies, and a single administration of only one factor, even GDNF that has a strong effect on RGC survival is insufficient to sustain the cell survival for a long term after ON transection. The transduction effect did not last much Gene transfer into retinal ganglion cells H Ishikawa et al beyond 3 weeks from the data on GFP intensity ( Figure  3) . Therefore, we evaluated if multiple ELP of GDNF is more effective in promoting RGC survival, and established E-group and compared it with D-group at 4 weeks. However, no significant difference was recognized. This may be partly because the cell death cascade is activated in a short period immediately after the ON transection, 43 and so the second GDNF ELP at 2 weeks could not effectively promote the survival of RGCs in E-group. However, such a multiple-electrointroduction is expected to be more effective in cases of chronic diseases such as glaucoma.
The rescue effect produced by the techniques used in the present study suggests that the present method may be useful for the clinical treatment of diseases involving RGC disorders. For the human application, we need to know more about parameters, the short-term expression of foreign genes, and side effects caused by ELP. A negative effect on the outflow facility of the eye elicited by intravitreous injection of a highly viscous DNA solution cannot be excluded. Further studies are nevertheless needed to ensure the long-term safety and efficacy in large animals.
Materials and methods
Animals
This study was approved by the Animal Research Committee of Kyoto University Graduate School of Medicine. Male Wistar (250-300 g) rats, 8-week old, were housed two or three per cage in a temperature-controlled environment and had free access to food and water.
Plasmids
The expression vector pEGFP, carrying the GFP gene under the control of a human cytomegalovirus promoter was purchased from Clontech Laboratories (Palo Alto, CA, USA). For the GDNF plasmid, the full-length GDNF peptide-coding region (Genbank L15305) was provided by Dr Kazuhiko Watabe (Department of Molecular Neuropathology, Tokyo Metropolitan Institute for Neuroscience), and was inserted into the BamH1-HindIII multiple cloning site of the vector pCI-neo (Promega, Madison, WI, USA) under the control of a human cytomegalovirus promoter.
Parameter of in vivo electroporation
Under anesthesia (intraperitoneal injection of pentobarbital, 40 mg/kg body weight), GFP plasmid in 5 ml of endotoxin-free TE buffer (10 mM Tris pH 7.5; 1 mM EDTA) was injected into the vitreous body with a 30-gauge needle through 0.5 mm posterior to the limbus after dilation of the pupil. After 5 min, the contact lenstype and needle electrodes were placed as follows: a contact lens-type electrode (cathodal) was attached to the left cornea, and a needle electrode (anodal) was inserted subcutaneously to the midline of the forehead until the tip of the electrode reached the level of the eyeball (Figure 1a-c) . The distance between the tip of the needle electrode and the center of the contact lens-type electrode was approximately 1 cm. Square wave pulses were then administered. Electric pulses were generated by an Electro Square Porator (T820; BTX, San Diego, CA, USA). Based on our previous study, 27 parameters were set by combining the following conditions: electric field strengths of 6, 12 and 24 V/cm, pulse durations of 50 and 100 ms, two different stimulation patterns (two groups of five series of electric pulses with a frequency of one pulse per second, interrupted by 5 min pauses in-between and 10 series of electric pulses with a frequency of one pulse per second), and DNA plasmid amounts of 5, 20 and 80 mg. Parameters are summarized in Table 1 . Five rats were used for each of the regimes. At 7 days after the ELP, animals were killed by transcardiac perfusion with periodate-lysine-paraformaldehyde (PLP) fixative under deep ether anesthesia, 44 and whole mount retinas were then observed under a CLSM on the same day. Eight areas chosen at random, and the number of GFP-positive cells per mm 2 and GFP signal intensities of six randomly chosen GFP-positive cells in each area were measured using LaserSharp 2000 software (BioRad, Hertfordshire, UK). The ratio of the GFP-positive area to the whole retinal area was measured with MetaMorph digital image analyzing software (Universal Imaging Corporation, Downingtown, PA, USA).
We determined the genetic introduction efficiency by multiplying GFP-positive cells per mm 2 , the mean GFP intensity and the ratio of the GFP-positive area per whole retinal area.
As for the control experiment, GFP gene introduction was carried out using the following three conditions in parameter II: the (DNAÀELP+)-group received only ELP without DNA injection into the vitreous body; the (DNA+ELPÀ)-group was subjected to only DNA injection without ELP; and the (DNAÀELPÀ)-group had an intact retina. The whole mount retinas were analyzed 7 days after the ELP as described above.
As for GFP intensity and the time course, the GFP plasmid was electrointroduced using parameter II, and then each GFP intensity was measured in 20-30 positive cells randomly chosen at 1, 3 and 5 weeks after ELP. Four rats were used at each time point. Intact retinas were also subject to measurements as a control.
Retrograde labeling of RGCs
Retrograde labeling was performed as described by Vidal-Sanz et al. 36 Under anesthesia (intraperitoneal injection of pentobarbital, 40 mg/kg body weight), 2 ml of the lipophilic tracer diI (Molecular Probes, Eugene, OR, USA) dissolved in N,N-dimethylformamide (Sigma, St Louis, MO, USA) was placed on both superior colliculi. After the application of diI, the animals were perfused as described above and whole mount retinas were examined under CLSM.
For the assessment of the true ratio of GFP positivity in RGCs, four animals received ELP of the GFP plasmid (parameter II) after diI retrograde labeling. At 7 days after the ELP, measurements of the ratio of GFP positivity in diI-labeled cells were carried out in four areas each within a 1, 2 or 3 mm radius of the optic disc. The number of GFP positive in diI-labeled cells was counted under CLSM.
Light microscopic observation
Animals were perfused transcardiatry with the PLP fixative as described above. Four animals were used for each condition, and intact eyes were used as a control. Cryostat sections (12 mm thick) were stained with hematoxilin and eosin, and toluidin blue. 
TUNEL staining
Animals were perfused transcardiatly as described above, the cornea and retina were dissected out. Intact eyes were used as a control. Four animals were used for each condition at each time point. Five-tangenital cryostat sections (12 mm thick) were randomly chosen from each eye and TUNEL was performed using an in situ apoptosis detection kit (Roche, Penzberg, Germany) according to the manufacturer's instructions. For the positive control, the sections were treated with DNase. The sections were then inspected under CLSM. The mean number of cells per mm 2 section was obtained from the counting of TO-PRO-3 nucleus staining. The number of TUNEL-positive cells was counted to obtain the ratio of TUNEL positivity to the total number of nuclear-stained cells (%).
GDNF gene electroporation after ON transection
DiI injection into the superior colliculi and the in vivo ELP were performed on the same day. After 1 week, the left ON was exposed and transected intraorbitally at a distance of 2 mm from the eyeball without affecting the retinal blood supply under anesthesia (intraperitoneal injection of pentobarbital anesthesia, 40 mg/kg body weight). In B-, C-D-and E-group, either GFP or GDNF plasmid genes (20 mg) were mixed with 5 ml of endotoxin-free TE buffer and injected into the vitreous body. Whole mount retinas were examined by CLSM within 3 h of enucleation at 2, 4 and 6 weeks after the ON transection. Four areas 1, 2, and 3 mm from the optic disc were photographed in the four retinal quadrants, so that the number of diI-labeled cells was counted in 12 areas in each whole mount retina.
Immunohistochemistry
To confirm the introduction of the GDNF gene into RGCs, immunohistochemistry was performed. At 7 days after the ELP, animals were perfused transcardiary with the PLP fixative as described above. Cryostat sections (12 mm thick) of retinas were incubated with rabbit anti-GDNF antibody (1:100 Santa Cruz Biotechnology Inc. Santa Cruz, CA, USA) overnight at 41C, followed by FITC-conjugated anti-rabbit IgG for 2 h at room temperature, subjected to TO-PRO-3 nucleus staining and examined by CLSM.
Western blot analyses
GDNF-introduced and the contralateral intact retinas were dissected 7 days after the ELP. Four animals were used for each condition. They were homogenized by ultrasound in lysis buffer (0.5 M Tris-HCl, pH 7.4, containing 0.5% SDS, 10% glycerol, 26% beta-mercaptoethanol, 200 mM ethylenediaminetetraacetic acid (EDTA), 100 mM phenylmethylsulfonyl fluoride (PMSF) and 1 M N-ethylmaleimide (NEM)), and underwent electrophoresis using 10% SDS-polyacrylamide gel, followed by blotting onto nitrocellulose. The detection was performed using a chromogenic Western blot immunodetection kit (WesternBreeze, Carlsbad, CA, USA). In brief, proteins were incubated with goat-anti-GDNF antibody (1:1000; R&D Systems Inc., Minneapolis, MN, USA) for 2 h at room temperature and then with anti-goat IgG-conjugated secondary antibodies for 2 h at room temperature, and subjected to an alkaline phosphatase reaction according to the manufacturer's instructions.
RT-PCR
Intact retinas (as a control), and retinas with or without the GDNF gene introduction after ON transection were prepared and used for RT-PCR. Four animals were used for each condition. At 1 week after the GDNF gene ELP, ON transection was performed. The activation of caspase 3 is highest at 6 h after ON transection, whereas in caspase 9 at 16 h. 45 So, we collected total RNA 9 h after ON transection. Each sample was ultrasonically homogenized in SV RNA lysis buffer (Promega). Total RNA was isolated using a total RNA isolation kit (Promega) according to the manufacturer's instructions. To analyze the relative expression of different mRNAs, the amount of cDNA was normalized based on the signal from ubiquitously expressed beta-actin mRNA. PCR was performed using standard protocols with Taq polymerase (Sigma). Reactions were run with the following program: one cycle of incubation at 941C for 4 min followed by 32 cycles of denaturing at 941C for 1 min; annealing at 54-681C for 30 s; and extension at 721C for 45 s. The resolved PCR products were imaged using a UV illuminator and digitally photographed. DNA sequences of forward and reverse primers were as follows: caspase 3 sense 5 0 -AAGAAACAGATCCCGTGTAT-3 0 , antisense 5 0 -GACCT GGAACATCGGATTTGA, caspase 9 sense 5 0 -GCTGGA CGCAGTGTCAAG-3 0 , antisense 5 0 -ACAGCCAGGAAT CTGCTTATA-3 0 , beta-actin sense 5 0 -GTGACGAGGCC CAGAGCAAGAG-3 0 , antisense 5 0 -AGGGGCCGGACT CATCGTACTC-3 0 .
Statistical analyses
Values are expressed as means7s.d. Data were compared using ANOVA with pair wise comparisons by the Bonferroni method. The P-values of o0.05 were regarded as significant, and o0.01 as highly significant.
